Abstract-The rapid progression in digital hardware and signal processing capabilities stimulates the development of radar systems. The tendency is to move the digital interface toward the antenna, replacing, whenever possible, analog RF-hardware. Based on software codes, these digital systems are more flexible and easier to reconfigure than RF-hardware. This letter illustrates the general concept for digital beamforming (DBF) in synthetic aperture radar systems and investigates their principle capabilities, limitations, and performance parameters. It is shown that using DBF a simultaneous improvement in azimuth coverage and resolution can be achieved.
I. INTRODUCTION
S TATE-OF-THE-ART synthetic aperture radar (SAR) systems operate in multiple modes. This is facilitated through phased arrays using transmit/receive (T/R) modules, enabling analog RF beamforming. While offering the advantage of distributed power radiation, hardware redundancy, and flexible operation modes, these systems suffer from the following:
• high weight;
• low efficiency;
• high power consumption;
• limited coverage versus resolution;
• difficult calibration;
• high cost. One of the major disadvantages is the inherent loss of information through the focused analog beamforming, since the total antenna footprint is reduced to a small fraction of the subarrays footprint. Only the information on the small footprint can be extracted.
Overall, it can be stated that the price that was paid and is being paid for the advancement of this technology is extremely high. Despite this, the goal of wide simultaneous coverage is not reached. In spot mode operation, the resolution is higher, but the coverage is even lower compared to standard operation. In scan mode operation, high coverage is achieved at the cost of a low resolution. It is the intention of the system proposed in this letter to overcome this dilemma.
An alternative promising system concept, using digital beamforming (DBF) on the receive array, and its main advantages compared to state-of-the-art systems with RF beamforming are presented in Section II. Section III describes the antenna dimen- sions of the DBF configuration. The cross-range sampling requirement of a DBF system is derived in Section IV and is used to state DBF SAR system parameters. A comparison of the performance parameters of a conventional SAR and the new concept is given in Section V.
II. DBF SYSTEM CONCEPT Fig. 1 shows the system concept for digital beamforming on-receive-only [1] . The SAR system is split up in the transmit and receive subsystems, respectively, which enables separate performance optimization. Hence, the DBF configuration is a bistatic configuration. The two antennas can be mounted on a single carrier or placed on separate platforms [2] .
The transmit antenna (dish, horn, or array) is fed by a highefficiency high-power amplifier. For example, traveling wave tubes (TWTs) with efficiencies of 65% can be used [3] . This subsystem consists of simple and robust hardware. On receive, the signals from each of the subarrays are amplified, down converted, and digitized for processing. Low-noise amplifiers and microwave monolithic integrated circuits (MMIC) can be integrated into the receive subarrays [4] . As shown in Fig. 1 , the footprint of the transmit antenna and all receive subarrays are identical, thus covering the same spatial segment, both in azimuth and elevation. Digital beamforming is performed solely on the A/D converted subarray outputs. The processing mainly involves a monostatic-to-bistatic data mapping similar to the approach presented in [5] . Beam steering, as known from T/R module-based systems, is not required at all. The major difference to T/R-module-equipped systems is that the beamforming is by means of digital signal processing that yields an improved performance and flexibility as compared to conventional SAR. The following are advantages of DBF SAR.
• System consists of mostly digital hardware.
• System is reconfigurable by software.
• System has high efficiency and low power consumption.
• Azimuth resolution and azimuth coverage are widely independent of each other. • System's use of digital calibration. These advantages are paid for by an increased data rate and higher processing requirement as compared to current systems. In addition, special care is needed when considering the power budget of the individual channels due to the reduced gain of the individual subarrays.
III. ANTENNA DIMENSIONS
Throughout this letter, the comparison with a conventional strip map SAR system operating in X-band will be made. The common parameter to both systems is the SNR, thus assuming similar RF-hardware for both systems. This is a conservative approach, since it implicitly assumes no separate subsystem optimization for the DBF system. Both systems shall cover the same swath, thus assuming equal beam width in elevation.
From the bistatic radar equation, it is known that the received power, and thus the SNR, is proportional to the transmit and receive antenna gains [6] , which in turn are proportional to the effective antenna area. Thus, the SNR is proportional to the product of the effective transmit and receive antenna areas. Requiring equal SNR for the stripmap SAR and DBF systems results in SNR SNR (1) where and are the effective areas of the stripmap SAR antenna and of one of the single receive subarrays, respectively. Both SAR and DBF systems cover identical swath widths; thus, all antennas have equal heights, i.e.,
. This results in (2), which relates the lengths , , and of the SAR, transmit, and single receive subarray antennas, respectively (see Fig. 2 ) (2) An additional constraint for the maximum length of the single receive subarray is given by the appearance of azimuth ambiguities. This is accounted for by a factor , which gives the ratio between the receive subarray and transmit antenna lengths . In general, to assure an adequate suppression of azimuth ambiguities (a detailed description is given in [7] ). Substituting into (2) leads to
The above expressions give a DBF antenna length that results in a received power equal to that of a conventional stripmap SAR system. It is deduced that both transmit antenna and receive subarrays of the DBF configuration are smaller than the SAR antenna, while the total area of the receive array, i.e., , is larger. This means an increased space requirement for the antenna of the DBF SAR system. Fig. 3 shows the azimuth half-power beamwidths (HPBWs) of the DBF antennas normalized to the HPBWs of the stripmap SAR antenna as a function of the number of receive subarrays. A uniform taper is assumed for all antennas. The azimuth (cross-range) coverage is proportional to the beamwidth of the transmit antenna and, thus, inversely proportional to the antenna length. Increasing the number of subapertures also increases the azimuth coverage, which is larger than for the stripmap case. Fig. 3 also shows that the azimuth ambiguities are outside the angular segment covered by the SAR.
IV. CROSS-RANGE SAMPLING DISTANCE
The maximum sampling distance is determined by the crossrange spatial frequency support band of the signals. This is used to derive the cross-range sample spacing for the DBF configuration. The imaged area is within the cross-range interval centered at . Fig. 2 shows the imaged area of width and synthetic aperture length given by where is the HPBW of the transmit antenna, and is the range to the center of the imaged area. The sampling distance depends on the extent of the imaged area. 
A. General Form of Nyquist Criterion
Since all targets within the imaged area contribute to the total support band of the received signal [8] , the extent of the support band in the spatial frequency domain is given by (5) According to the Nyquist criterion, the maximum sample spacing in the synthetic aperture domain is (6) For and approximating the HPBW of the receive antenna by results in (7), which is the well-known azimuth sampling requirement (7)
B. Sampling Requirement for DBF Configuration
In Fig. 4 , the receive and transmit array location at two instances are shown. For an arbitrary position of the transmit antenna , the receive subarrays' positions are , where is an integer for odd. The effective phase center of the bistatic configuration is positioned midway between the transmit and receive aperture. This gives the sample positions at (8) where the samples are separated by , which corresponds to the condition given by (7) , and the samples span a total distance . For adequate sampling, the next pulse should be transmitted at such that (9) which gives the value for the cross-range transmit sampling distance
The pulse repetition frequency (PRF) is directly related to the distance through the platform velocity. Fig. 5 shows the performance of the DBF system compared to a conventional stripmap SAR system as a function of the number of receive subarrays. It should be noted that changing the PRF would yield a nonuniform sampling in the synthetic aperture domain, since the sample spacing between the subarrays, i.e., , of the receive array is fixed, while varies with the PRF. A phase correction factor is applied on the nonuniform azimuth sampled data such that Fourier transform operations can be carried out. This phase correction factor is enclosed in the bistatic/monostatic mapping mentioned earlier. The following can be noted.
The maximum sampling distance decreases with respect to the stripmap SAR system, because the covered cross-range segment is increased. Increasing the number of subapertures reduces , since is reduced. The transmit sample distance increases with respect to the stripmap SAR system. Increasing the number of subapertures further increases , since the number of real aperture samples is increased. The minimum PRF decreases with increasing and is smaller than for stripmap SAR. A lower minimum limit for the PRF means a higher unambiguous range. This can be used to increase the swath width. The data rate is increased with respect to stripmap SAR, since the received signals from all subapertures need to be digitized and stored for each transmitted pulse. The data rate is proportional to the ratio .
V. CROSS-RANGE RESOLUTION AND ANGULAR COVERAGE
The cross-range resolution for a target at ( ) is derived from the spatial frequency support band of the target. For a DBF SAR, all targets within are observable to the radar. The synthetic aperture length is given solely by The extent of the spatial frequency support band for a target is (12) which is independent of the cross-range position of the target. For a target area centered at , the resolution is then given by (13) Again for . It should be noted that the resolution depends on the synthetic aperture length as given by (13), whereas according to (6) the sample spacing in the synthetic aperture domain is dependent on the width of the area to be imaged. A plot of the relative resolution is shown in Fig. 5 . The resolution improves with the number of subarrays and is better than for stripmap SAR. This is intuitively clear, since the resolution of a SAR depends primarily on the synthetic aperture length, which is increased for the DBF SAR.
Similar to stripmap SAR, the DBF SAR has a continuous coverage, since no analog beamforming is performed, but in opposite to the former, the data from the complete azimuth angular segment is preserved. If required, the coverage can be reduced by partially combining the digital subarray signals prior to azimuth compression, which serves to reduce the data rate. However, unlike spot operation mode, a reduced coverage will not yield a higher resolution. In DBF SAR, resolution and coverage are not contradicting requirements; instead, they are specified independently. To manifest the results of the last sections, an example spaceborne SAR system is investigated. The geometric ground range and azimuth resolution are set to 4 and 1.5 m, respectively, with a swath width of up to 100 km. A fixed orbit height of 786 km and a center frequency in C-band similar to the Advanced SAR (ASAR) instrument on board of the ENVISAT satellite is considered [9] . To calculate the system performance, an overall system loss of 3 dB and a system noise figure of 2 dB are assumed. The mean RF output power of 600 W corresponds to two HPAs as used in RADARSAT-1. The chosen values reflect the very good performance feasible by the hardware setup described in Section II. One possible system design is characterized by the hardware and performance parameters given in Table I . It is assumed that the signal bandwidth is adjusted for varying incidence angle such that the ground range resolution is constant across the swath. The system performance is represented by the noise-equivalent sigma zero (NESZ) in the SAR image. It is worthwhile to compare the results to those of the ASAR instrument. When operating in the global monitoring mode and for the incident angles given in Table I , the swath of the ASAR instrument ranges from 88-105 km, and the NESZ is approximately 20 dB [9] . However, the ASAR instrument has a total antenna size of 10 m 1.4 m with 320 subarrays each connected to a T/R module. The results clearly show that, compared to state-of-the-art systems, an enhanced performance is possible with only a small number of receive subarrays and a total antenna length that is not larger than for current systems in orbit.
VII. CONCLUSION
Synthetic aperture radar using digital beamforming requires a different approach toward SAR system design. A novel system concept using digital beamforming on receive was presented. Basic limitations, which are the key system design issues for state-of-the-art missions, were investigated in view of the new possibilities. It was shown that a DBF system requires a larger total antenna area than stripmap SAR. System parameters such as PRF, minimum antenna area, and resolution were analyzed. The increased coverage and improved resolution of the DBF system result in higher demands on the data handling and processing. This stems from the increased information rate resulting from a DBF SAR. The presented DBF system shows considerable improvement by using only a small number (less than 15) of subarrays. Current systems such as ENVISAT or next-generation systems such as TerraSAR-X use hundreds of T/R modules (about 20% efficiency) with total power consumptions greater than 1 kW. A DBF system consisting of a small number of receive-only front-ends, with no circulators, no attenuators, nor phase shifters will result in considerable power savings. In total, it was shown that the presented system offers improved performance, considering resolution and coverage, as compared to state-of-the-art systems, while providing a high degree of flexibility.
